Ten-eleven translocation 3 (TET3) mediates active DNA demethylation of paternal genomes during mouse embryonic development. However, the mechanism of DNA demethylation in goat embryos remains unknown. In addition, aberrant DNA methylation reprogramming prevalently occurs in embryos cloned by somatic cell nuclear transfer (SCNT). In this study, we reported that TET3 is a key factor in DNA demethylation in goat preimplantation embryos. Knockdown of Tet3 hindered DNA demethylation at the two-to four-cell stage in goat embryos and decreased Nanog expression in blastocysts. Overexpression of Tet3 in somatic cells can initiate DNA demethylation, reduce 5-methylcytosine level, increase 5-hydroxymethylcytosine level and promote the expression of key pluripotency genes. After SCNT, overexpression of Tet3 in donor cells corrected abnormal DNA hypermethylation of cloned embryos and significantly enhanced in vitro and in vivo developmental rate (P < 0.05). We conclude that overexpression of Tet3 in donor cells significantly improves goat SCNT efficiency.
Introduction
Mammalian somatic cells can be reprogrammed into a totipotent state by oocytes through somatic cell nuclear transfer (SCNT). SCNT has been reported to have been used successfully for cloning in a series of mammalian species [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, low efficiency has prevented the practical use of SCNT partly owing to aberrant epigenetic reprogramming of somatic donor cell nuclei, especially with hypermethylation of genomic DNA in pre-implantation embryos [13] [14] [15] [16] [17] [18] .
To date, abnormal DNA methylation has been observed in several cloned species. Kawasumi et al. [19] reported that in goat-cloned embryos, aberrant DNA methylation of the proximal enhancer region of Oct4 may lead to abnormal expression of Oct4. Another report demonstrated that abnormal methylation patterns in differentially methylated regions (DMRs) of imprinted genes led to abnormal expression of imprinted genes in the placenta and eventually Abbreviations 5hmC, 5-hydroxymethylcytosine; 5mC, 5-methylcytosine; BS-Seq, bisulfite sequencing; CDS, coding sequence; COC, cumulus-oocytes complex; DMRs, differentially methylated regions; DNMT, DNA methyltransferase; DOX, doxycycline; EGFP, enhanced green fluorescent protein; GFF, goat fetal fibroblast; GTet3, goat tet3; IF, immunofluorescence; IVF, in vitro fertilization; MII, metaphase II; NT, nuclear transfer; oxBS-Seq, oxidative bisulfite sequencing; RACE, rapid amplification of cDNA ends; RT-qPCR, quantitative real-time polymerase chain reaction; SCNT-Control, SCNT using non-DOX-treated GFF cell colonies as control; SCNT-GTet3, SCNT using GTet3-overexpressing GFF cells; SCNT, somatic cell nuclear transfer; TET3FL, full-length TET3; TET3o, oocytes-specific TET3; TET3s, somatic cell-specific TET3; TET, ten-eleven translocation.
contributed to development failure in pig SCNT [20] . An earlier study indicated that abnormal methylation imprints were observed in aborted cloned fetuses, which were partially responsible for increased abortion and developmental anomalies during bovine cloning [21] . Reportedly, a consistently higher level of methylation was observed at each stage of early embryos in sheep SCNT embryos compared with in vivo-derived embryos, and similar aberrant methylation reprogramming was observed in murine and bovine SCNT embryos [22] [23] [24] .
In general, abnormal DNA methylation is believed to be partly caused by shortage of DNA demethylation in early embryos [25, 26] . Thus, enhancement of DNA demethylation capability of early cloned embryos may be a key way to improve cloning efficiency. Although treatment of donor cells with a DNA methyltransferase (DNMT) inhibitor, 5-aza-2 0 -deoxycytidine, could relatively increase DNA demethylation through suppressing DNA methylation and eventually improve in vitro development of cloned embryos when coupled with trichostatin A, the surviving calf exhibited several physical defects [27] . Recently, growing evidence supports that ten-eleven translocation (TET) family proteins and thymine DNA glycosylase can activate DNA demethylation through a series of biochemical pathways [28] [29] [30] [31] [32] [33] [34] . TET proteins can oxidize 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine and 5-carboxylcytosine. Reportedly, TET3 protein is the primary early-embryo demethylase that can mediate demethylation of both maternal and paternal genomes in mouse zygotes by coupling with DNA replication [35] . Therefore, we wondered whether TET3 can correct abnormal DNA methylation status by acting as a DNA methylation reprogramming factor in goat SCNT.
In the present study, we observed that knockdown of Tet3 hindered genome DNA demethylation at the two-to four-cell stage in goat in vitro fertilization (IVF) embryos, and that expression of Nanog was downregulated. Overexpression of Tet3 in somatic cells can correct abnormal DNA hypermethylation of SCNT pre-implantation embryos, and SCNT efficiency was significantly improved. This finding is important in revealing mechanisms of DNA demethylation in goat and improving efficiency of cloning large animals.
Results

Cloning of goat Tet3 gene coding sequence
First, we examined Tet3 expression in a variety of tissues and pre-implantation embryos of goat by using quantitative real-time polymerase chain reaction (RT-qPCR). We noted higher Tet3 expression in the spleen than in other tissues (P < 0.05), whereas the heart and intestine hardly expressed the gene. In goat pre-implantation embryos, Tet3 was highly expressed in germinal vesicle stage oocytes, metaphase II (MII) stage oocytes and one-cell, two-cell, and four-cell embryos. However, Tet3 expression significantly decreased when the embryo developed into an eightcell embryo and was low in the morula and blastocyst. Thus, we used MII stage oocyte mRNA to clone goat Tet3 partial coding sequence (CDS), which was the conserved sequence of Tet3 in different species according to the National Center for Biotechnology Information (NCBI) database. To determine the 5 0 -sequence and 3 0 -sequence of Tet3 CDS, we performed 5 0 -FULL rapid amplification of cDNA ends (RACE) and 3 0 -FULL RACE, based on the RACE method. We obtained two possible whole-length Tet3 CDS sequences from MII stage oocytes, and we denoted the 4974 bp open reading frame, which has a higher homology with sheep, as goat Tet3 (GTet3) CDS and the other as goat Tet3 variant CDS. In our research, we mainly focused on GTet3 CDS (Fig. 1) . According to the NCBI database, GTet3 shared more than 98% homology with sheep Tet3, Tibetan antelope Tet3 and zebu cattle Tet3, and matched by more than 86% with mouse Tet3 and human Tet3. Goat TET3 protein also showed a close evolutionary relationship with those of sheep, Tibetan antelope and zebu cattle. We also compared the conserved domains of TET3 protein with those of mouse TET3 and human TET3 by using the NCBI Conserved Domains Search tools. Results showed that goat TET3 contained the _JBP domain, that is, a TET protein family-specific functional domain that oxidizes 5mC to 5hmC. We compared the three-dimensional structure models of goat, mouse and human TET3 functional domain; results showed exactly the same a-helix and b-fold, and certain differences in irregular curl and several other structures.
Taking these findings together, we cloned full-length CDS sequence of goat Tet3. Bioinformatics suggested that goat TET3 protein may perform similar functions to mouse and human TET3 proteins.
TET3 participates in DNA demethylation at twoto four-cell stage embryos in goat investigate the effect of TET3 on DNA methylation reprogramming at early embryos in goat, we used RNAi techniques to knockdown GTet3 expression in MII stage oocytes. We observed that GTet3-siRNA-998 can effectively downregulate the expression of GTet3 mRNA compared with the scramble siRNA in the control group while Tet1 and Tet2 expression is not affected (data not shown). Then, we collected early embryos of IVF with MII stage oocytes injected with GTet3-siRNA-998, with scramble siRNA injected in the siControl group.
Immunofluorescence (IF) was used to analyze 5mC and 5hmC levels of the whole nucleus ( Fig. 2A) . Unexpectedly, IF of goat early zygotes showed no significant difference in 5mC and 5hmC levels between male pronucleus and female pronucleus at 10 h after fertilization (P > 0.05; Fig. 2A,B) . Knockdown of GTet3 also exerted no significant effect on 5mC and 5hmC levels in both male pronucleus and female pronucleus (P > 0.05; Fig. 2A ,D,E). Our findings suggested that different from mouse zygotes, goat zygotes showed no significant demethylation between male pronucleus and female pronucleus, and TET3 exerted no significant effect on methylation reprogramming of male and female pronuclei at the pronucleus stage.
IF of 5mC and 5hmC at early embryo stage showed that in normal goat IVF embryos, methylation levels of the four-cell stage reached the low point, then gradually increased. The 5hmC level began to increase at the two-cell stage and reached a relatively high level at the four-cell stage (Fig. 3A,B) . However, when GTet3 was knocked down, the 5mC fluorescence intensity of four-cell embryos still remained at a higher level in the GTet3 siRNA group, while the 5hmC level decreased until the four-cell stage, showing a significant difference from normal embryos (P < 0.01; Fig. 3A,B) . These data suggested that genome DNA demethylation occurs at the two-to four-cell stage in goat IVF embryos, with TET3 protein performing an important role in the process and genome DNA subsequently undergoing remethylation. Our work is consistent with a previous observation for mouse that indicated that loss of TET3 partially impaired DNA demethylation [35] .
We observed that the effect of knockdown of GTet3 was comparable to the control group for the two-cell stage to blastocyst. However, we unexpectedly discovered that it did not cause a significant difference in overall cleavage rate at 2 days after fertilization and blastocyst rate at 8 days after fertilization (P > 0.05; Fig. 3C ).
Knockdown of GTet3 increases methylation levels of Nanog promoters and reduces Nanog expression at blastocyst stage To explore DNA demethylation at specific loci, we analyzed 5mC and 5hmC levels of key pluripotency gene promoters and imprinted gene DMRs in GTet3 siRNA and siControl four-cell embryos using bisulfite sequencing (BS-Seq) and oxidative bisulfite sequencing (oxBS-Seq). As shown in Fig. 3 , knockdown of GTet3 mainly resulted in a significant increase in the 5mC level of Oct4 and Nanog (P < 0.05), whereas Igf2r and H19 changed minimally (P > 0.05; Fig. 3D) . However, 5hmC level did not change significantly (P > 0.05; Fig. 3E ). The above data showed that knockdown of GTet3 increased 5mC levels of key pluripotency gene promoters at the four-cell embryo stage.
We also analyzed expression levels of key pluripotency genes and imprinted genes using RT-qPCR. We noted that knockdown of GTet3 exerted no evident effect on expression of the key pluripotency gene Oct4 and imprinted genes H19 and Igf2r (P > 0.05; Fig. 3F , H,I, respectively). However, such knockdown can significantly reduce the expression of Nanog in blastocysts (P < 0.01; Fig. 3G ). These results suggested that knockdown of GTet3 reduced Nanog expression in blastocysts but minimally affected imprinted genes in goat pre-implantation embryos.
Overexpression of GTet3 in somatic cells of goat
We constructed a bidirectional inducible FLAG-tagged GTet3 expression system that can express GTet3 in one direction and enhanced green fluorescent protein (EGFP) in the other direction. Therefore, EGFP could be used for cell screening without affecting TET3 function. In this inducible expression system, expressions of TET3 and EGFP can be induced by adding doxycycline (DOX). We obtained 375 G418-resistant goat fetal fibroblast (GFF) colonies. After expanded culture, 227 colonies with good cell morphology and cell growth were treated with 100 ngÁmL À1 DOX for 72 h.
We obtained 21 GTet3-transfected colonies stably expressing EGFP (Fig. 4A ). Integration GTet3 in transgenic cells was verified by PCR (Fig. 4B) . RT-qPCR and western blot results showed that TET3 can be overexpressed in transgenic cells after DOX treatment (P < 0.01; Fig. 4C ,D, respectively). Next, we examined 5mC and 5hmC levels and gene expression in GTet3 overexpression (GFF-GTet3) cells and transgenic cells without DOX treatment (GFFControl). We observed that average 5mC fluorescence density value of GFF-GTet3 cells significantly decreased compared with that of GFF-Control cells (P < 0.01), whereas average 5hmC fluorescence density increased (P < 0.01; Fig. 4E,F, respectively) . Meanwhile, overexpression of GTet3 significantly reduced the 5mC level of Oct4 and Nanog (P < 0.01) and increased the 5hmC level (P < 0.05; Fig. 4G ,H, respectively), consequently promoting expression levels of Oct4 and Nanog (Fig. 4I , J, respectively). However, no differences in 5mC or 5hmC levels and gene expression of imprinted genes Igf2r and H19 were observed between GFF-GTet3 and GFF-Control cells (P < 0.01; Fig. 4G ,H,K,L, respectively). Altogether, these results suggested that overexpression of GTet3 in goat somatic cells can initiate DNA demethylation and promote the expression of these key pluripotency genes.
Overexpression of GTet3 in goat somatic cells improves in vitro development of SCNT embryos
Although overexpression of GTet3 can diminish overall methylation level and activate key pluripotency gene expression in goat somatic cells, whether overexpression can correct incomplete demethylation of cloned embryos and then improve reprogramming efficiency remains unknown. Thus, to answer this, after DOX treatment for 48 h, we selected three GFFGTet3 cell colonies with significantly decreased overall methylation level for SCNT. Then, we performed SCNT using GTet3-overexpressed GFF cells (SCNTGTet3) and the same non-DOX-treated GFF cell colonies as control (SCNT-Control). Results showed that Fluorescence intensity analysis of 5mC and 5hmC levels in IVF early embryos and GTet3-knockdown IVF early embryos (**P < 0.01). Bars indicate mean AE SD. (C) Effect of GTet3-knockdown on developmental rate of IVF early embryos; 77, 80 and 69 embryos were used for no-injection group, scrambled siRNA group and GTet3-siRNA-998 group, respectively. (D) Quantitative analysis of 5mC levels in key pluripotency genes and imprinted genes in GTet3-knockdown IVF embryos at four-cell stage (*P < 0.05); 42 embryos were used for each gene. Bars indicate mean AE SD. (E) Quantitative analysis of 5hmC levels in key pluripotency genes and imprinted genes in GTet3-knockdown IVF embryos at four-cell stage (*P < 0.05); 48 embryos were used for each gene. Bars indicate mean AE SD. (F) RT-qPCR analysis of Oct4 expression in IVF embryos after GTet3 knockdown. Oct4 expression level was set to 1.0 for the blastocyst in the control IVF group; 31 embryos were used. Bars indicate mean AE SD. (G) RT-qPCR analysis of Nanog expression in IVF embryos after GTet3 knockdown. Nanog expression level was set to 1.0 for the blastocyst in the control IVF group (**P < 0.01); 30 embryos were used. Bars indicate mean AE SD. (H) RT-qPCR analysis of Igf2r expression in IVF embryos after GTet3 knockdown. Igf2r expression level was set to 1.0 for the blastocyst in the control IVF group; 39 embryos were used. Bars indicate mean AE SD. (I) RT-qPCR analysis of H19 expression in IVF embryos after GTet3 knockdown. H19 expression level was set to 1.0 for the blastocyst in the control IVF group; 32 embryos were used. Bars indicate mean AE SD.
embryonic developmental rates of SCNT-GTet3 were significantly higher than those of SCNT-Control in two-to four-cell embryos, 8-16-cell embryos, morula and blastocysts, and their values were close to those of IVF (P < 0.05; Fig. 5A ,B). SCNT-GTet3 also showed significantly higher hatching rate and total cells in blastocyst embryos (P < 0.05; Fig. 5C and Table 1 , respectively). These data suggested that overexpression of GTet3 in goat somatic donor cells improved subsequent SCNT pre-implantation embryonic development.
Overexpression of GTet3 in somatic cells can correct methylation aberrance of SCNT embryos
As demonstrated above, overexpression of GTet3 can improve goat SCNT embryonic development in vitro. We hypothesized that this phenomenon may be due Quantitative analysis of 5mC levels in key pluripotency genes and imprinted genes in GFF-GTet3 cells (**P < 0.01). Bars indicate mean AE SD; 41 embryos were used for each gene. (H) Quantitative analysis of 5hmC levels in key pluripotency genes and imprinted genes in GFF-GTet3 cells (*P < 0.05). Bars indicate mean AE SD; 45 embryos were used for each gene. (I) RT-qPCR analysis of Oct4 expression in GFF-GTet3 cells (*P < 0.05; **P < 0.01). Oct4 expression level was set to 1.0 in control GFF group. Bars indicate mean AE SD; 40 embryos were used for each gene. (J) RT-qPCR analysis of Nanog expression in GFF-GTet3 cells (*P < 0.05; **P < 0.01). Nanog expression level was set to 1.0 in control GFF group. Bars indicate mean AE SD; 33 embryos were used for each gene. (K) RT-qPCR analysis of Igf2r expression in GFF-GTet3 cells (*P < 0.05; **P < 0.01). Igf2r expression level was set to 1.0 in control GFF group. Bars indicate mean AE SD; 37 embryos were used for each gene. (L) RT-qPCR analysis of H19 expression in GFF-GTet3 cells (*P < 0.05; **P < 0.01). H19 expression level was set to 1.0 in control GFF group. Bars indicate mean AE SD; 38 embryos were used for each gene.
to the ability of GTet3 to correct methylation aberrance during embryonic development. To verify our hypothesis, we first collected embryos at different developmental stages of SCNT-GTet3, SCNT-Control and IVF. Then, we stained samples to analyze 5mC and 5hmC levels of each embryo stage. In the SCNT-Control group, genomic DNA hypermethylation was detected in all two-cell embryos, four-cell embryos and blastocysts (Fig. 5D,E) . As expected, these methylation aberrances could be corrected by overexpression of GTet3 (Fig. 5D ). In the SCNTGTet3 group, 5mC levels of two-cell embryo, fourcell embryo and blastocysts were significantly lower than those of the SCNT-Control group and are more similar to those of IVF embryos (P < 0.05; Fig. 5D ,E). Significant 5hmC methylation aberrance was observed in SCNT-Control, whereas the SCNTGTet3 group approximated results for the IVF group (P < 0.05; Fig. 5D,F) . Collectively, these findings indicated that overexpression of GTet3 in somatic cells can correct methylation aberrance of subsequent SCNT embryos in vitro.
Overexpression of GTet3 in goat somatic cells can partially rectify the hypermethylation state of key pluripotency gene promoters and promote Nanog expression in SCNT embryos
We also detected 5mC and 5hmC levels of key pluripotency gene promoters and imprinted gene DMRs in IVF four-cell embryos, SCNT-Control fourcell embryos and SCNT-GTet3 four-cell embryos. The 5mC levels of the SCNT-Control and SCNT-GTet3 groups were generally more aberrant than that of the IVF group, whereas Oct4 and Nanog significantly decreased in the SCNT-GTet3 group (P < 0.05; Fig. 5G ). Meanwhile, 5hmC of each gene in all groups remained at low levels, with the SCNT-GTet3 group presenting a significantly higher level compared with that of SCNT-Control in terms of Nanog (P < 0.05; Fig. 5H ). These findings indicated that overexpression of GTet3 in somatic cells can partially rectify the hypermethylation state of key pluripotency gene promoters in SCNT embryos.
To further confirm the regulatory relationship between GTet3 overexpression and embryonic development, we performed RT-qPCR to detect expressions of key pluripotency genes and imprinted genes in IVF, SCNT-Control and SCNT-GTet3 four-cell embryos and blastocysts. We observed significantly lower level of expression of Nanog in the SCNT-Control group relative to that of IVF blastocysts (P < 0.05). However, SCNT-GTet3 blastocysts showed a Nanog mRNA level approximating that of the IVF group (Fig. 5J) . In four-cell embryos, the SCNT-Control group and SCNT-GTet3 group had similar Oct4 mRNA levels, which were significantly lower than that of IVF embryos (P < 0.05; Fig. 5I ). We also noted that Igf2r mRNA levels did not show significant difference among the three groups (P > 0.05). Similarly, H19 was expressed at substantially identical levels among the three groups (P > 0.05; Fig. 5K,L) . These findings suggested that overexpression of GTet3 in goat somatic cells can promote Nanog expression in SCNT embryos.
GTet3 overexpression in somatic cells significantly enhances subsequent SCNT efficiency
A total of 500 SCNT-GTet3 embryos were transferred into oviducts of 25 recipient does, and 480 SCNTControl embryos (20 per recipient) were transferred to 24 recipients as control. Pregnancy rate and kids born per recipient both increased significantly in the SCNTGTet3 group (P < 0.05; Table 2 ). In the SCNT-GTet3 group, pregnancy rate increased from 37.5 AE 0% to 51.6 AE 3.2% 30 days after embryo transfer ( Table 2 ). The SCNT-GTet3 group presented a significantly increased efficiency in pregnancy maintenance, according to the pregnancy rate at term (P < 0.05; Table 2 ). Finally, 10 pregnant recipients carried pregnancies to term and gave birth to 18 kids, with five kids dead at birth in the SCNT-GTet3 group, whereas kids born per recipient significantly increased (P < 0.05; Table 2 ). Consequently, more kids (18 versus 7) were born in the SCNT-GTet3 group, with a significantly higher birth rate (P < 0.05; Table 2 ). Eventually, nuclear transfer (NT) efficiency (offspring produced per embryo transferred) of SCNT-GTet3 group increased from 1.5% to 3.6% (Table 2) . Altogether, these findings indicated that GTet3 overexpression in somatic donor cells significantly improved NT efficiency.
Discussion
Numerous mammalian species have been successfully cloned since the birth of the first cloned animal, Dolly, in 1996 [1] . However, SCNT technology remains inefficient in large animals. To improve efficiency of animal cloning, researchers attempted a variety of methods. Treatment of donor cells with 5-aza-2 0 -deoxycytidine, a DNMT inhibitor, can enhance in vitro developmental capacity and improve quality of buffalo cloned embryos [27] . Porcine SCNT embryonic developmental capacity was significantly enhanced both in vitro and in vivo after treatment with 50 nm BIX-01294, a known specific inhibitor of G9A (histone-lysine methyltransferase of H3K9), for 14-16 h after activation [41] . According to an earlier report, impeding Xist expression from the active X chromosome gave an eight-to ninefold increase in cloning efficiency [42] . Lin et al. [43] showed that cloning efficiency can be significantly improved after replacing trophoblast cells in cloned blastocysts with cells from tetraploid embryos. The latest studies have discovered that histone demethylase expression can also enhance SCNT efficiency in both human and mouse [44, 45] . In this study, through overexpression of GTet3 in somatic cells before SCNT, development of blastocysts (P < 0.05) and blastocyst hatching rate (P < 0.05) significantly improved, with SCNT efficiency significantly improving from 1.5% to 3.6% (P < 0.05). Compared with other methods, we used TET3 demethylase functional targeting, a simple, safe and effective method, to reduce DNA methylation in somatic cells in vitro before SCNT. Based on these characteristics, we prepared high-titer GTet3-encoded adenovirus in HEK 293T/17 cells and then incubated somatic cells before nuclear transfer to improve SCNT efficiency.
Abnormal DNA hypermethylation is an important factor that affects the development of SCNT embryos [19, [46] [47] [48] [49] [50] . Therefore, overcoming aberrant DNA methylation of SCNT embryos is one approach to improving NT efficiency. The present study demonstrated that overexpression of demethylase TET3 in goat somatic donor cells significantly improved in vitro and in vivo developmental rates of cloned embryos by SCNT.
Earlier reports demonstrated that TET3-mediated DNA demethylation is involved in epigenetic reprogramming of zygotic paternal DNA following natural fertilization and important for reprogramming subsequent embryonic development; moreover, demethylation may contribute to somatic cell nuclear reprogramming during animal cloning [37, 51] . However, DNA demethylation patterns are not conserved among various mammals. Active demethylation of male pronucleus in zygotes was observed in both mouse and cattle; however, in cattle, male pronucleus was remethylated before the two-cell stage, with de novo DNA methylation and de novo H3-K9 trimethylation simultaneously occurring within the extremely narrow window of the pronucleus stage [38] . The evidence supported the rabbit displaying partial DNA demethylation in the paternal pronucleus [52] . According to the latest report, the contrasting patterns of DNA methylation reprogramming between mouse and sheep may be owing to specific [53] , but another report showed that Tet3 is highly expressed in two-cell embryos; therefore, TET3-mediated DNA demethylation may work in an unknown pattern [54] . Loss of methylation from either pronucleus was not observed in in vivo-derived sheep zygote, and a similar situation was observed in goat according to an earlier study [22, 40] ; however, dynamic reprogramming of DNA methylation in early goat embryos remains unclear. In this study, we showed that DNA demethylation occurs at two-to four-cell stages in goat embryos, with TET3 protein performing an important role in the process and genomic DNA subsequently undergoing remethylation (Fig. 3A,B) . However, the 5hmC levels did not strictly increased with the decrease of 5mC and it reached a high level together with 5mC at blastocyte stage (Fig. 3A,B) . Possibly, 5hmC was further oxidized into 5-formylcytosine and 5-carboxylcytosine at a certain stage of embryonic development, but was unoxidized and accumulated at another stage. DNA replication could lead to the dilution of 5hmC and 5mC [55] . According to our research, Tet1 and Tet2 were both expressed at higher levels at blastocysts, which might be responsible for the accumulation of 5hmC. Our findings prove that DNA methylation reprogramming occurs in a non-conserved manner during early mammalian embryonic development. Although TET3 proteins of different species all contain the Tet_JBP domain, which can catalyze 5mC to 5hmC, numerous differences in CDS may lead to functional differences in DNA demethylation during DNA methylation reprogramming. In mouse, TET3 is present in multiple isoforms, including full-length TET3 (TET3FL), somatic cellspecific TET3 (TET3s) and oocyte-specific TET3 (TET3o) [56, 57] . Although lacking an N terminus, TET3s and TET3o display stronger demethylation activity than TET3FL [57] . TET3o is specifically expressed in oocytes, whereas TET3s and TET3FL are upregulated during neuronal differentiation [55] . These results suggested that TET3o may be responsible for DNA demethylation in zygotes, whereas TET3FL and TET3s participate in neuronal development. Reports have consistently shown that TET3 can promote brain development [58] . Via active DNA demethylation, TET3 could also work as a synaptic activity sensor to epigenetically adjust neuronic metaplasticity and regulate fundamental characters of neurons [59] . Although knockout of maternal TET3 leads to embryonic lethality and neonatal sublethality [37, 55, 60, 61] , preimplantation embryonic developmental rates remain unaffected [37] . In this study, we observed that knockdown of GTet3 in vitro did not causes significant differences on overall cleavage rate at 2 days and blastocyst rate at 8 days, whereas genomic DNA demethylation at the two-to four-cell stage failed to occur in goat IVF embryos. However, TET3 played an important role in activation of key pluripotency genes. A similar phenomenon was observed in pig, demonstrating that TET3 is important for maintaining Nanog expression at the blastocyst stage [62] . In our study, we identified that overexpression of Tet3 can decrease 5mC level and increase 5hmC level in goat somatic cells and promote the expressions of key pluripotency genes (Fig. 4E-J) . These findings lead to the speculation that overexpression of GTet3 in donor cells may be used to correct abnormal DNA hypermethylation during SCNT. We discerned that in the SCNT-GTet3 group, both embryonic developmental rate and quality of blastocysts improved in vitro (Fig. 5A-F and Table 1 ). These findings suggest that TET3 can contribute to normal DNA methylation reprogramming in goat cloned embryos by acting as a reprogramming factor and enhancing SCNT embryonic development. Consistent with our results, an earlier report presented that oocytes lacking TET3 exhibit decreased ability to reprogram injected somatic cells nuclei during mouse SCNT [37] . Improvement of methylation reprogramming may be a useful approach for improving SCNT efficiency. A previous study demonstrated that overexpression of miR-148a, which can affect DNA methylation via DNMT1 modulation, modifies epigenetic status of porcine SCNT embryos and enhances developmental potential [63] . Gao et al. successfully replaced Oct4 with Tet1 during induced pluripotent stem cell (iPSC) induction and revealed that changes in DNA 5mC modification and 5hmC modification perform important roles in remodeling genome-wide epigenetic states during reprogramming [17] . All these reports support that overexpression of Tet members in somatic cells improves reprogramming efficiency following SCNT or iPSC induction. In summary, our findings indicated the important role of TET3 in DNA demethylation of two-to four-cell stage embryos in goat. We also discovered that overexpression of Tet3 in donor cells corrects abnormal DNA hypermethylation of cloned embryos and significantly enhances in vitro and in vivo developmental rate (P < 0.05). Consequently, SCNT efficiency significantly improved in goats. Our findings may contribute to improving large-animal cloning efficiency and promote application of the SCNT technique.
Materials and methods
Ethics statements
The entire experimental procedure was approved by the Animal Care and Use Committee of the College of Veterinary Medicine, Northwest A&F University and it was strictly designed under the consideration of animal welfares.
RNA isolation, reverse transcription PCR and RTqPCR
RT-qPCR was carried out with the StepOne Plus reaction system (Applied Biosystems, Foster City, CA, USA) based on a previous study [64] . Total RNA of tissues and cells was isolated using TransZol Up (TransGen Biotech, Beijing, China) and reverse-transcribed into cDNA by using PrimeScript TM II 1st Strand cDNA Synthesis Kit (Takara, Dalian, China). Total RNA of 40 embryos was isolated and reversetranscribed into cDNA by using SuperScript TM III Cells Direct TM cDNA Synthesis System (Life Technologies, Carlsbad, CA, USA). SYBR Premix ExTaq TM II (Takara) was used to quantify mRNA levels for RT-qPCR. RT-qPCR was performed on an ABI StepOnePlus PCR system (Applied Biosystems). Three replicates of each target gene were detected, and results were normalized to glyceraldehyde 3-phosphate dehydrogenase mRNA levels. Data are shown as fold change (FC) = 2
ÀDDCt . Goat-specific primers were synthesized based on the genome database at NCBI (Table 3) . 
Amplification of
Oocytes collection and in vitro maturation
The procedures of oocytes collection and in vitro maturation were performed according to a previous report by our laboratory [65] . In brief, ovaries were collected from a local abattoir and transported to the laboratory within 3-4 h in 0.9% NaCl at 15°C and subsequently sliced with a surgical blade. 
IVF
The procedures of IVF were performed based on previous reports [66] . In brief, 25 COCs were transferred to a 50 lL microdrop of BO-IVF medium (IVF Bioscience, Falmouth, UK) with mineral oil covering the surface, and freshly collected sperms were diluted and suspended to 2 9 10 6 spermatozoaÁmL À1 . Then, 50 lL sperm suspension was added to the microdrop. IVF was conducted for 16 h. Afterward, zygotes were transferred into a 25 mm concave glass dish, and the remaining spermatozoa and cumulus cells were dispersed by gentle blowing with a pipette. Then, zygotes were cultured in synthetic oviduct fluid with 10% FBS.
Knockdown of Tet3 in MII stage oocytes
Tet3 knockdown was manipulated according to the methods of Ref. [67] . siRNAs against goat demethylase TET3 were diluted in nuclease-free water to a final concentration of 25 mM. Approximately 10 pL of siRNA was injected into MII stage oocytes by using a piezo-driven micromanipulator. Then, injected oocytes were incubated for 3 h for IVF and 8 h for detection interference efficiency. Scrambled siRNA was used as control.
Immunostaining and quantification of fluorescence intensity
IF staining was performed based on a previous report [68] . All steps were carried out at room temperature unless mentioned, and samples were extensively washed before every subsequent procedure. Finally, samples were counterstained with 4,6-diamidino-2-phenylindole (Beyotime) for 10 min. The embryos were placed in microdrops on glass slides and covered with cover slides. Fluorescence of both cells and embryos was detected using a Nikon Eclipse Ti-S microscope equipped with a 198 Nikon DS-Ri1 digital camera (Nikon, Tokyo, Japan). Cell numbers of blastocysts were estimated by counting the number of stained nuclei.
Mean fluorescence intensities of 5mC and 5hmC levels were measured using Image-Pro Plus 6.0 (Media Cybernetics, Silver Spring, MD, USA) based on previous reports of our laboratory [69] . Fluorescence signal intensities were represented by sum integrated optical density (IOD)/sum area, each sum IOD and sum area was measured thrice, and final 5mC or 5hmC signal intensities were estimated.
BS-Seq PCR and oxBS-Seq
Bs-Seq and oxBs-Seq were carried out based on earlier reports [70, 71] . In brief, genomic DNA was extracted using a MicroElute Genomic DNA Kit (Omega Engineering, Inc., Norwalk, CT, USA) and divided into two groups. One group of genomic DNA was oxidized by KRuO 4 (Alpha Aeser, Heysham, UK) at 37°C for 30 min, cooled on ice for GFFs or 293T cells were harvested using trypsin/EDTA (0.025% trypsin, 0.5 mmolÁL À1 EDTA) solution (Thermo Fisher Scientific). Opti-MEM (Thermo Fisher Scientific) was used to resuspend cells (1 9 10 7 ), and then cells were mixed with 12 lg of linearized pTRE3G-GTet3-EGFP-BI plasmid and 10 lg of pEF1a-TET3G helper plasmid. BTX Electro-cell manipulator ECM2001 (BTX Technologies, San Diego, CA, USA) was used to electroporate cells at 510 V with two pulses of 1 ms duration. Electroporated cells were spread onto 100 mm dishes with 1 9 10 6 cells per dish. Geneticin (G418; 800 lgÁmL À1 ) was added to dishes at 48 h after electrotransfection, and individual colonies were collected and subcultured after 10-14 days. GFF colonies were treated for 48 h with DOX to induce Tet3 expression. GFFs at G0/G1 phase were used as donor cells through serum deprivation.
Western blot
Western blot was carried out based on a previous study from our laboratory [72] . In brief, GFFs were lysed in radioimmunoprecipitation assay buffer, and protein concentrations were measured based on the bicinchoninic acid method. Then, 10-15% polyacrylamide gels were used to separate total proteins at 150 V for 70-90 min. Proteins were transferred onto polyvinylidene fluoride membranes at 250 mA for 50 min at 4°C. The membranes were incubated in Tris-buffered saline pH 7.4 with 0.1% (v/v) Tween 20 and 10% (w/v) nonfat milk (TBS-T buffer/10% defatted milk buffer) for 1 h at room temperature and subsequently reacted overnight with anti-Flag antibody (1 : 300 dilution; Thermo Fisher Scientific) or anti-b-actin (1 : 1000 dilution; TransGen Biotech) in TBS-T buffer/5% defatted milk buffer. After extensively washing with TBS-T containing 0.5% Tween, the membranes were incubated with goat antirabbit IgG secondary antibody (1 : 500 dilution; Thermo Fisher Scientific) at room temperature for 1 h. Finally, the membrane was treated with the SuperSignal West Pico Chemiluminescent substrate (Thermo Fisher Scientific), and visualized results were shown.
SCNT
SCNT was performed according to a previous study [65] . In brief, the first polar body together with metaphase plate was removed from oocytes, and a goat somatic cell was injected into the perivitelline cavity of enucleated oocytes with a 20-25 lm diameter pipette. Electrofusion was used to fuse karyoplast-cytoplast couplets, and fusion rates were detected after 30 min. The reconstructed embryos were incubated for 2-3 h in TCM-199 and then activated with 5 lM ionomycin incubation for 5 min and 2 mM 6-dimethylaminopurine incubation for 4 h.
In vitro embryo culture and embryo transfer
In vitro embryo culture and embryo transfer were performed according to a previous study [65] . Embryos were gently washed thrice with modified synthetic oviductal fluid (mSOF) and cultured with 200 lL mSOF in a 25 mm concave glass dish with mineral oil covering the mSOF surface at 38.5°C, 5% CO 2 in air and 100% humidity. After 3 days of culture, the embryos were further cultured in mSOF with 10% FBS for 4-5 days, and early embryos at different developmental stages were collected for immunoblot analysis, Bs-seq or oxBs-seq. Early embryonic developmental rates were recorded. After culture for 20-24 h, oneto two-cell stage embryos were transferred into recipients' oviduct at 1 day after estrus. Ultrasonography was used to diagnose pregnancies at 30 days.
Statistical analysis
The statistical analysis was performed using SPSS 13.0 for Windows (SPSS, Inc., Chicago, IL, USA), Prism (GraphPad Software, Inc., San Diego, CA, USA) and Microsoft Excel. Data are presented as means AE standard deviations and were analyzed using the Tukey-Kramer test (for one-way ANOVA). P < 0.05 (two-tailed) was considered statistically significant.
